The impacts of climate variability and anthropogenic activities on hydrological processes have been of wide concern in the hydrology community during recent decades. In this study, specific investigations of individual impacts of climate variability and anthropogenic activities on runoff during 1964-2010 are conducted for the upper Huaihe River Basin at Huaibin (HB) and its five subcatchments. The non-stationary relationship between precipitation and runoff was firstly analyzed, and according to change point detection results, long-term series for each catchment was divided into pre-change period and post-change period, respectively. Then, the climate variability and human activities that occurred in the whole HB catchment were analyzed. Finally, using two quantitative evaluation methods, the individual impacts of climate variability and human activities for each catchment were assessed. The results showed that for the whole HB catchment, runoff changes during the whole post-change period are mainly attributed to climate variability, as for its subcatchments except the Xinxian catchment. As for decadal behaviors, runoff generally suffered more human-induced impacts in dry decades (1990s) than wet decades (1980s and 2000s). These results reflected the complex role of climate variability and human activities in influencing the runoff regime, which could be considered in local water resources management.
INTRODUCTION

Methodology
Trends analysis and change point detection
The rank-based non-parametric method, i.e. Mann-Kendall (MK) test (Mann ; Kendall ), was employed for monotonic trend detection due to its advantages of nonrestriction on data distribution and robustness against the 
where ΔQ tot represents total changes of runoff; Q tot j j is the 
Hydrological model simulation method
The hydrological model simulation method is performed by firstly calibrating hydrological models with meteorological forcings in the baseline period. Then, keeping optimized parameters unchanged, the simulation driven by meteorological forcings during the changed period is defined as the reconstructed runoff series for which no human interferences are involved. Accordingly, human-induced impacts on runoff can be obtained by computing the difference between reconstructed and observed runoff series in changed periods. It can be described as follows: 
Hydrological sensitivity analysis method
This method is proposed on the basis of the water balance equation which can be described as
where P, Q, E are precipitation, runoff and actual evapotranspiration, respectively; ΔS denotes the change in water storage. Usually, for a long period (e.g. 10 years or more),
ΔS can be neglected.
Because E is largely determined by precipitation and PET, by neglecting ΔS the change in mean annual runoff can be determined by perturbations in precipitation and PET, which is described as (
where ΔP and ΔPET represent the change in precipitation and PET, respectively; β and γ denote the sensitivity of runoff to a 1-unit change in precipitation and PET, respectively.
In this study, a sensitivity analysis framework developed by Donohue et al. () was adopted, which can directly assess the sensitivity with no limitation for sequence length. The framework originates from Choudhury's equation (Choudhury )
where the parameter n (dimensionless and typically ranges from 0.6 to 3.6) describes the partition of P between E and Q , and represents the sum effect of all processes not encapsulated in P and PET.
Then, the sensitivity coefficients β and γ can be defined as the partial derivatives of Equation (8), expressed as
Similarly, relevant calibration of the model was conducted in the baseline period with two criteria: BIAS and correlation coefficient (CC).
RESULTS
Non-stationary relationship between precipitation and runoff
The runoff is potentially influenced by the combined effects 1979; 1980s (1980-1989); 1990s (1990-1999); and 2000s (2000-2010) .
RC is calculated for the baseline and post-change periods, respectively, for each catchment. Table 3 
Anthropogenic activities detection
The non-stationary relationship between precipitation and runoff indicates that runoff in these catchments may be potentially affected by human activities besides precipi- (such as the DPL and XIN catchments), the land cover changes in 1995 are particularly significant compared with the other 2 years, which may be exaggerated to some extent due to the limitation of satellite image interpretation.
However, the potential error of 1995's classification did not affect the hydrological simulation results since only 1985's land cover was used for hydrological simulations.
On the other hand, for a reservoir regulated region, the influence of water conservancy constructions should not be ignored. As shown in Figure 8 , except for DPL catchment, the remaining areas are highly disturbed by dozens of water conservancy facilities, including large and mediumsized reservoirs, irrigation stations and canals, barrages and hydropower stations. The driving force behind these hydraulic structures is the growing demand for water resources for social development. consumption and irrigation depletion during changed periods.
Quantitative evaluation
Calibration and validation for the two quantitative evaluation methods
Considering the geographic advantage of no large reservoir regulation in the DPL catchment, the hydrological model simulation method was applied in this area for separating effects of climate variability and anthropogenic activities, which also serves as a validation for the hydrological sensitivity analysis method. According to change point detection results, the 1980s still belongs to the baseline period for DPL catchment, when the hydrological conditions were considered as relatively stable. On these grounds, it is reasonable to calibrate DHSVM model during 1980s and then apply the model in changed periods to obtain reconstructed runoff series. Figure 10 shows the monthly simulation results for calibration (1980) (1981) (1982) (1983) (1984) (1985) and validation (1986) (1987) (1988) (1989) periods. Generally, the calibrated results are satisfactory with NSCE above 0.9 and absolute values of bias lower than 1%, suggesting that DHSVM is capable of capturing natural variability of the observed hydrograph. For the hydrological sensitivity analysis method, calibration was conducted in all six catchments during each baseline period, and Table 4 lists relevant fitted parameters and calibration results. The fitted n varied between 1.29 and 1.61, reflecting different properties of the six catchments. With sensitivity coefficients β uniformly larger than γ, it reveals that the change in runoff is more sensitive to precipitation than to PET within this region. The calibration results for all catchments are generally satisfactory according to the two criteria (BIAS and CC).
Separated impacts of climate variability and human activities on runoff
Individual impacts of climate variability and human activities on runoff are quantitatively assessed for each catchment using the hydrological model simulation method and the hydrological sensitivity analysis method, respectively, and the results are presented in Table 5 . For DPL catchment, the results of both methods are comparable; both showed that climate variability was the dominant factor. The close- would be withdrawn through these conservancy facilities.
As shown in Table 5 , DPL, HC, XX and HB catchments suffered more impacts of human activities in their driest decade of the 1990s than in the wet decades (1980s and 2000s).
Human interferences in the XIN catchment are more intensive than in the other catchments. Table 5 shows that human activities contributed 98% of runoff reduction during the post-change period, while climate variability accounted for 2%. The regulation of Xiangshan Reservoir was possibly responsible for most of the runoff reduction in this catchment. With a controlling area of 72.8 km 2 , the reservoir governs 27% of the XIN catchment area, and its storage capacity accounts for 56% of mean annual runoff.
Apart from irrigation (Table 2) of these reservoirs, it is hard to quantify the specific effect of each one.
EFFECTS OF MODELING UNCERTAINTY ON EVALUATION RESULTS
Although close results were derived by the hydrological model simulation and hydrological sensitivity analysis method in the DPL catchment, which indicates the feasibility of the two methods at this basin scale, the effects of modeling uncertainty in each evaluation method should not be ignored. For the hydrological model simulation method, a major concern is the rainfall-runoff simulation uncertainty introduced by heavy data requirements for the distributed modeling. As shown in Figure 10 , the simulation bias of streamflow discharge is À0.81% for the calibration period and 0.84% for the validation period, equivalent to 
Hydrological sensitivity analysis method
Break point-1979 less than 3 mm of runoff. The bias is rather small when comparing with the volume of runoff changes caused by climate variability and human activities. As the bias of the simulated water amount is the major consideration in the assessment of the impacts of climate variability and anthropogenic activities, such a small bias caused by modeling uncertainty
would not affect our analysis results significantly.
The hydrological sensitivity analysis method requires only meteorological inputs and therefore is more easily manipulated, though it has some distinct drawbacks such as the oversimplified modeling structure in which seasonal variability of hydrological factors is ignored. Nonetheless, this limitation does not influence the application of the hydrological sensitivity analysis method substantially. As shown in Table 5 , the DPL catchment was evaluated with the two methods and the difference between each derived attribute result was less than 6% (e.g. for the 1990s, the hydrological model simulation method shows climate variability is responsible for 83% of runoff changes, while the figure is 78% for the hydrological sensitivity analysis method). The bias generally has little impact on the role of climate variability and human activities. The hydrological sensitivity analysis method also provides an alternative for the assessment in data-scarce basins where the hydrological model simulation method cannot work well.
In the framework of the hydrological sensitivity analysis method, estimation of n is a crucial step since it governs the accuracy of simulated runoff R, and also affects the value of Figure 11 shows the sensitivity of R, β and γ to the variation of n. Taking the whole HB catchment as an example, the fitted n value is 1.59, corresponding to 359 mm yr À1 of runoff. If n is set to 1.54 and 1.64, the simulated runoff would be 369 mm yr À1 and 348 mm yr À1 , respectively (Figure 11(a) ). That is, the simulated runoff would increase (decrease) by approximately 10 mm yr À1 for every 0.05 decrease (increase) in n, equivalent to 3% of mean annual runoff. On the other hand, since the absolute values of simulated water amounts bias in all six catchments are less than 1% (Table 4) , the error for corresponding estimated n would never exceed 0.05. Likewise, 0.05 ranges of n values would produce less than 0.01 of value differences in β and γ (Figure 11 (b) and 11(c)), meaning that 100 mm yr À1 change in precipitation or PET would lead to no more than 1 mm yr À1 change in runoff. Therefore, based on Equation (7), we can conclude that the minor error of n values has little impact on the framework of the hydrological sensitivity analysis method. Meanwhile, from Figure 11 it is found that the curves reflecting the sensitivity of runoff to n of the main stream catchments (DPL, CTG, XX and HB) are rather close, indicating similar hydrological sensitivity among these catchments. Only the XIN catchment shows a significant difference, which may be related to the higher precipitation received compared with other catchments; therefore with the same n value more precipitation would be partitioned to runoff.
CONCLUSIONS
Using meteorological data at one meteorological observation site, precipitation data at 59 gauging sites and streamflow discharge data at six gauging stations during These results reflected the complexity of climate variability and human activities induced impacts on runoff regime, such as differences among catchments and decades. In these upstream catchments of the Huaihe River
Basin, the runoff change should be highlighted and policy makers should make reasonable management interventions to guarantee the sustainable utilization of local water resources.
